Abstract. The ion branch of a current-voltage characteristic of a Langmuir probe in a high-pressure plasma is theoretically analysed. In a wide range of conditions, perturbations created by the probe current are localized in a thin near-wall layer and a semi-logarithmic plot of the dependence of the electron current on the probe potential is close to a straight line. The value of the electron temperature that can be determined from this plot refers to the edge of the above-mentioned near-wall layer. A range of plasma parameters exists in which a variation of the electron temperature in the near-probe region is small and the above value is close to the electron temperature in the undisturbed plasma. Numerical calculation of the ion saturation current to, and the floating potential of, a wall probe in a cylindrical tube confining an arc discharge is presented.
Introduction
Electrostatic (Langmuir) probes are an important means of plasma diagnostics. Unfortunately, a theory necessary for the interpretation of probe measurements in a high-pressure plasma in which the mean free paths of charged particles are much smaller than the probe dimensions is rather involved (e.g. [1, 2] ). A diagnostic technique best developed for such conditions is that based on the calculation of the ion saturation current, which allows one to use a value of the current at which a change of slope occurs on the ion branch of the probe characteristic for an estimate of the charged particle density in the undisturbed plasma (e.g. [2, 3] ).
When the degree of ionization of a high-pressure plasma is not too low and the electron distribution is Maxwellian, the question arises as to whether it is possible to use the probe characteristic for the determination of the electron temperature in the undisturbed plasma. There has always been a temptation to use, to this end, the 'standard' relationship originating from the theory of negative electric probes in collisionless plasmas (e.g. [4] 
Here I is the current from the probe into the plasma, I * i and I * e are ion and electron saturation currents, φ w is the potential of the probe relative to the plasma, and T e∞ is the electron temperature in the undisturbed plasma. In [5, 6] such an approach was applied to the interpretation of probe measurements in an atmospheric-pressure argon plasma. It was shown that the semi-logarithmic graph of I − I * i against φ w is close to a straight line in a certain current range, in accord with formula (1) , and the use of its slope for determination of the electron temperature results in a plausible value.
An adequate theoretical justification of such an approach in the case of a high-pressure plasma should be based on the analysis of hydrodynamic equations describing current transfer to the probe, taking into account the variability of the electron temperature in the near-probe perturbation region. Such an analysis was previously performed [7] for the case when the temperature of the undisturbed plasma is quite high (about 2.5 eV or higher). It was assumed that the nearprobe space-charge sheath is collisionless and that the length scale on which the heavy-particle temperature relaxes due to electron-ion collisions to the electron temperature is much larger than the ionization length and much smaller than the probe dimensions. It was found, in particular, that the ion current to the probe is not constant at probe potentials around the floating potential. Another important conclusion drawn in [7] is that the dependence of the electron current on the probe potential plotted on a semi-logarithmic scale is unsuitable for the determination of the temperature of electrons. In [8] , the theoretical results of [7] were compared with results of experiments performed on the axis of an atmosphericpressure high-current argon arc and were found to be in close agreement with spectroscopic measurements.
The above-mentioned conclusions of the work [7] indicate that (1) is inapplicable under the conditions of a very hot plasma. A question arises as to whether any conditions of a high-pressure plasma exist under which this relationship is justified. Another question is how this relationship can be used for the determination of the plasma potential.
In this work, a problem describing the ion branch of a characteristic of a probe in a high-pressure plasma with singly charged ions and a Maxwellian electron distribution is formulated in a rather general form. It is shown that under certain conditions relationship (1) is justified, and such conditions for the atmospheric-pressure argon plasma are identified. The theory developed allows one to determine the ion saturation current to, and the floating potential of, a probe in a wide range of conditions; numerical calculations are presented for a wall probe in a cylindrical tube confining an arc discharge.
Theory of the ion branch of a characteristic of a Langmuir probe in a high-pressure plasma

The model
Consider an electric probe immersed in a plasma composed of three species, which are neutral particles, singly charged positive ions and electrons. The plasma moves relative to the probe with a speed v ∞ . (In particular, v ∞ may be zero, which corresponds to the particular case of a quiescent plasma.) The plasma flow past the probe is a steady state. The probe is under a negative potential with respect to the undisturbed plasma (about or below the floating potential), so the electron current to the probe is of the same order of magnitude as, or smaller than, the ion current. The probe surface is cold enough, so that it emits no charged particles and absorbs all the charged particles arriving at its surface from the plasma.
Assume that the mean free path for collisions between ions and neutral particles and the Debye length in the bulk of the near-probe perturbation region are much smaller than local characteristic length scales, and that the core of the electron distribution function is Maxwellian and may be characterized by a (variable) temperature T e . Under these assumptions, the plasma is quasineutral and collision dominated in the bulk of the near-probe perturbation region; space-charge and kinetic effects (such as ion inertia) are limited to a thin layer adjacent to the probe surface. The latter layer will be referred to as the near-wall layer throughout this work.
Production of the charged particles in the near-wall layer is usually much smaller than the charged-particles flux from the quasineutral collision-dominated plasma. Hence, densities of ion and electron fluxes are to a first approximation constant across the near-wall layer and equal to densities of the respective fluxes from the quasineutral collisiondominated plasma to the edge of the near-wall layer.
The region of the collision-dominated quasineutral plasma and the near-wall layer will be considered in some detail in the next two sections.
The region of collision-dominated quasineutral plasma
Distributions of charged-particle densities, diffusion fluxes and electron temperature in the bulk of the near-probe perturbation region are described by the hydrodynamics equations: e . (5) Here indices a, i, and e are attributed to the neutral particles, ions, and electrons, respectively; m α , n α , V α , and J α = n α V α are the particle mass, the number density, the diffusion velocity, and the density of diffusion flux of a species α (α = a, i, e); w is the net rate of production of ion-electron pairs in volume reactions; n, ρ, p, and v are the number and mass densities, the pressure, and the mean mass velocity of the plasma; T h is the heavy-particle temperature; φ is the electrostatic potential; ζ i , ξ i , and ξ e are the (dimensionless) thermal diffusion factors; D ia , D ea , and D ei are kinetic coefficients (if calculated in the first approximation in the expansion of the Sonine polynomials in the ChapmanEnskog theory, these coefficients represent coefficients of binary diffusion [9] ); κ e is the thermal conductivity of electrons; R (e) e is the rate of loss per unit volume of the electron energy due to elastic collisions with heavy particles; w (e) e is the rate per unit volume at which energy is added to the electron fluid as a result of inelastic and radiative processes (including reactions). Transport equations (3) and (4) are written in a form based on the work of [10] and are discussed briefly in appendix A. The electron energy equation, equation (4) , is written in a form similar to [4] . The densities of diffusion flux satisfy relationships
where j is the current density. Since equations (2)-(6) refer to the quasineutral plasma, we shall set n i = n e in these equations. Furthermore, it will be assumed that m a = m i + m e .
Note that the use of a hydrodynamics description with unequal electron and heavy-particle temperatures implies that the ratio of the electron mass to the masses of heavy particles is considered as a small parameter. Hence, it is appropriate in the above equations to omit terms asymptotically small in m e /m a as compared to terms of the order unity. For example, this means that the second term of (3), which equals [(n e m i )/(n h m a )]∇p under the assumption of quasineutrality (here n h = n e + n a is the number density of nuclei), may be written as (n e /n h )∇p. On the other hand, the last term of the second equation in (6) , which is of the order of (m e /m a )(J e /J i ) relative to the second term, will be retained for now since formally it cannot be discarded without ensuring that J e /J i m a /m e . For subsequent analysis, it is convenient to transform the transport equations. Adding (3) and (4), one gets
+ n e n h ∇p − ζ i n e k∇T h − (ξ i + ξ e )n e k∇T e = 0.
Following [11] , we solve (7) jointly with (6) for J i . The result may be written in the form 
where
is the coefficient of ambipolar diffusion. Equation (8) 
is the diffusion coefficient of electrons in the mixture of atoms and ions. Equation (10) will be used as an alternative form of the transport equation for electrons. Assuming that temperatures T e and T h are comparable and taking into account that D ia /D ea is usually of the order of (m e /m i ) 1/2 or smaller, one can drop the second term in the denominator of (9) . On the other hand, the second term in the square bracket multiplying the j term on the right-hand side of (8) is of the order of (m e /m a )(D ea /D ia )(n e /n a ) relative to the first term and it is difficult to judge, without evaluation, whether it may be dropped, especially for a plasma close to full ionization when n a n e . Therefore, this term has been retained for now. The second term in the parenthesis multiplying the j term of (10) has been retained for a similar reason.
It is convenient for the subsequent analysis to write down an expression for the first term on the right-hand side of (5):
where D [1] e is the diffusion coefficient of electrons calculated in the first approximation in the expansion of the Sonine polynomials in the Chapman-Enskog theory.
One needs to formulate boundary conditions for the above equations at the edge of the near-wall layer. The boundary condition for the charged-particle density reads (see, e.g., the discussion in [12] )
Since the thermal conductivity of electrons, κ e , is proportional to the electron density, the electron energy equation (5), has a singularity at the edge of the near-wall layer, where n e vanishes. It is appropriate in such a situation to study the asymptotic behaviour of the solutions of (5) in the vicinity of the edge. Such a study is described in appendix B and the appropriate boundary condition for the electron temperature at the edge reads
where the y-axis is directed from the edge into the plasma. For matching with a solution in the above-mentioned near-wall layer, one needs to find asymptotic expansions in the vicinity of the edge of the charged-particle density and of the potential governed by the hydrodynamics equations written under the assumption of a quasineutrality. Obviously,
where A = (∂n e /∂y) s , subscript s being attributed to the respective quantities described by the hydrodynamics equations under the assumption of quasineutrality, evaluated at the edge.
Equations (3) and (4) 
It was assumed while writing (16) that the heavy-particle temperature near the probe surface equals the surface temperature T w . Since the densities of the ion and electron fluxes are to a first approximation constant across the nearwall layer, flux densities at the edge, J iys and J eys , have been replaced in these equations by the densities of the respective fluxes at the probe surface, J iyw and J eyw . Since J eyw is comparable to or smaller than J iyw , the term on the right-hand side of (17) is of the order of magnitude of D ia /D ea with respect to the terms on the left-hand side and may be dropped. It follows that (n e ∂φ/∂y) s = kT es A/e. Taking into account asymptotic behaviour (15) , one finds that the leading term of an asymptotic expansion of the electric field near the edge is kT es /ey. Note that the fact that the electric field calculated from the hydrodynamics equations under the assumption of quasineutrality has a singularity near an absorbing surface is well known; see, for example, [1, 2] and references therein.
The leading term of an asymptotic expansion of the potential near the edge is (kT es /e) ln y. (It follows, in particular, that values of the probe potential about or below the floating potential correspond to logarithmically large values of −eφ w /kT es .) It is convenient to represent the second term as −(kT es /e) ln B, where B is a quantity of the dimension of length, which can be found once a solution describing the quasineutral collision-dominated plasma has been calculated. Then the expansion of the potential for small y can be written in the form
Comparing expansions (15) and (18), one can conclude that the charged-particle density in the vicinity of the edge obeys, to a first approximation, the Boltzmann distribution:
Since the thickness of the near-wall layer is usually much smaller than characteristic length scales in the region of a quasineutral collision-dominated plasma, one can treat boundary conditions (13) and (14) and expansions (15) and (18) as established at the probe surface.
The near-wall layer
As y decreases, the charged-particle density described by the above solution tends to zero, the ion velocity and the electric field grow indefinitely. Hence, the space charge and/or ion inertia come into play and the above description is no longer valid. The physics of a near-wall layer in which this happens is not simple and is well understood only in certain limit cases, for example in the case when the mean free paths of ions and electrons are much smaller than all characteristic lengths. In this case, the space-charge effects are dominating and the near-wall layer may be treated in the framework of the hydrodynamics approach. Reviews of the theory for this case may be found, for example, in [1, 2] . Another limit case for which the theory is well developed is that when the ion mean free path substantially exceeds the local Debye length. In this case, the near-wall layer may be subdivided into the Knudsen layer, in which the ion inertia is essential, however the plasma is still quasineutral, and the region adjacent to the wall space-charge sheath. A theory for this case is reviewed, for example, in [13, 14] .
It is unnecessary for the purposes of this work, however, to seek an explicit solution for distributions of the potential and densities of the charged particles in the near-wall layer: it is sufficient to find the densities of the charged-particle fluxes to the probe surface, J iyw and J eyw . Using (16) and (18) , one finds to a first approximation
Note that D ias [1 + (T es /T w )] to a first approximation equals the value of the coefficient of ambipolar diffusion at the edge of the near-wall layer, D as . The Boltzmann distribution (19) , governing the electron density in the quasineutral collision-dominated plasma in the vicinity of the edge of the near-wall layer, also holds in the bulk of the near-wall layer. The electron flux to the surface is formed in a sublayer at the 'bottom' of the near-wall layer where the electron density deviates from the Boltzmann distribution. The scale of thickness of this sublayer equals kT es /eE w , where E w is the electric field at the probe surface. (This estimate may be understood as follows: it can be seen easily that this is the local scale of variation near the surface of the electron density governed by the Boltzmann distribution, and the effect of a boundary condition at the surface cannot extend over distances substantially exceeding this scale.) We consider the case when this scale is much smaller than the electron mean free path. In such a case, it seems reasonable to employ the usual assumption (e.g. [15] and references therein) that the electron flux equals the local electron density timesC e /4, whereC e = (8kT es /π m e ) 1/2 is the electron mean thermal speed. Using (19) , one obtains
Solution on the whole
Since the electron flux is, to a first approximation, constant across the near-wall layer, equation (21) may be considered as a relationship specifying the electron flux at the edge of the layer. This relationship, along with (13) and (14), provides a complete set of boundary conditions at the edge of the near-wall layer for equations (2)- (5). After having been supplemented with appropriate boundary conditions in the unperturbed plasma, the problem governing the distribution of the charged-particle density, particle fluxes, potential, and electron temperature in the quasineutral collision-dominated plasma is closed and may be solved. (In a general case, this problem is coupled to, and must be solved jointly with, the Navier-Stokes equations and the energy equation for heavy particles, governing v and T h .) Solving this problem, one can determine a complete solution for a given φ w , in particular J iyw and J eyw . Solving this problem for varying φ w , one can find a complete description of the ion branch of the currentvoltage characteristic of the probe.
Special case when the quasineutral collision-dominated plasma is not perturbed by the probe current
In the general case, described in the previous section, a solution in the quasineutral collision-dominated plasma depends on the probe potential through the boundary condition, equation (21) . It is the aim of this section to show that under certain conditions this dependence is weak. Use will be made of the strong disparity of the electron and ion diffusion coefficients and of the fact that the density of the electron current to a negative enough probe is comparable to or smaller than the ion current density. Note, however, that the density of the ion current in the bulk of the nearprobe perturbation region is in many cases essentially smaller than at the probe surface. (This is the case, for example, if ionization equilibrium holds in the bulk of the near-probe region and the ion flux to the probe is formed in a thin ionization layer adjacent to the near-wall layer.) Hence, the fact that J e O(J i ) at the probe surface does not necessarily mean that the same inequality holds in the bulk of the near-probe region. Therefore, simple considerations similar to those used in the end of section 2.2 are in a general case insufficient and a more elaborate analysis is necessary, including, in particular, estimates of the ion and electron fluxes in the bulk of the near-probe region.
Introduce (dimensionless) quantities (22) where the subscript zero indicates a characteristic value of the respective quantity. Note that for numerical estimates it is convenient to represent these formulae, to the accuracy of factors of the order unity, in the form
HereQ (1, 1) αβ (α, β = i, e, a) designate average cross sections for momentum transfer between particles α and β.
Designate by a length scale of variation of parameters in the quasineutral collision-dominated plasma near the edge of the near-wall layer.
equals a characteristic dimension of the probe, R, if the plasma in the bulk of the near-probe region is neither fast-moving nor in ionization equilibrium (i.e. if the diffusive Péclet number
a of the plasma flow past the probe is of the order unity or smaller while the ionization length d is of the order of R or higher). In the case of a fast-moving plasma, P e 1, the quasineutral collision-dominated plasma may be divided into the (outer) region of inviscid flow, in which diffusion is a minor effect relative to convection, and the (inner) diffusion boundary layer in which these effects are comparable.
equals the scale of thickness of the diffusion boundary layer, R/ √ P e, in this case. In the case d R, the quasineutral collisiondominated plasma may be divided into the (outer) region of ionization equilibrium, in which diffusion is a minor effect relative to ionization and recombination, and the (inner) ionization layer in which these effects are comparable. equals the ionization length d in this case. In a general case, one can set equal to the lowest of the length scales R, R/ √ P e, or d. We assume that
Numerical estimates supporting these inequalities will be given below. It follows from (20) that the ion flux to the probe surface is of the order of D (0) ia n (0) e / . Since the electron flux to the probe is of the same order or smaller, the current density at the probe surface is of the order of eD (0) ia n (0) e / . It seems natural to assume that the current density in the near-probe region is of the same order.
Consider, first, the case when the plasma in the bulk of the near-probe region is fast moving or in ionization equilibrium, i.e.
R, and estimate various terms of (8), (10) and (5) in the region of inviscid flow or of ionization equilibrium. A direct estimate of the first term on the right-hand side of (8) 
Taking into account inequalities (24), one can drop the term in j and rewrite (8) as
The term in j in (10) is of the order of
relative to the first term. Taking into account inequalities (24), one can drop the term in j. It follows from (26) that
Hence, the term in J i in (10) is of the order of 1/K 2 or smaller relative to the first term and should also be dropped. Equation (10) (25) with n (0) (even if the plasma is close to full ionization and n a n in the region of inviscid flow or if ionization equilibrium, n a /n is of the order unity in the diffusion boundary layer or the ionization layer). Since this results in a decrease of the respective orders of magnitude, the respective terms become even smaller and equations (26), (28) and (30) are also applicable in the diffusion boundary layer or the ionization layer.
In the case when the plasma in the bulk of the near-probe region is neither fast moving nor in ionization equilibrium, estimates (25), (27) and (29) apply (with = R and n (0) a = n (0) ) in the whole region of a quasineutral collisiondominated plasma, as well as equations (26), (28) and (30).
Thus, equations (3)- (5) in the whole region of a quasineutral collision-dominated plasma may be simplified to assume the form of (26), (28) and (30) (provided that inequalities (24) are satisfied). The physical sense of such a simplification is clear: ion transport is caused by ambipolar diffusion, baro-and thermal diffusion; the net electron flux in the near-probe region is small due to the cancelling of fluxes caused by the electron pressure gradient, thermal diffusion, and by the electric field; variation of the electron temperature in the near-probe region may be caused only by convective effects, energy exchange in elastic collisions with heavy particles, and by inelastic and radiative processes, enthalpy transport by electron current, diffusion thermo-effect, and Joule heating of electrons being small due to the smallness of the net electron flux. (It should be emphasized that here the term 'smallness' means that the net electron flux is much smaller than the fluxes caused by the electron pressure gradient and by the electric field. The electron flux is not necessarily small as compared to the ion flux. For example, in the case when the probe potential is about the floating potential and the plasma in the bulk of the near-probe region is fast moving or in ionization equilibrium, the ion flux density in the bulk is much smaller than the density of ion flux at the probe surface and the current in the bulk is therefore transported primarily by the electrons.)
Distributions of the charged-particle density, ion flux, potential, and electron temperature in a quasineutral collision-dominated plasma are governed by the first equation in (2) and by (26), (28) and (30), supplemented with boundary conditions (13) and (14) . Both equations and boundary conditions are independent of φ w . It follows that the above-mentioned distributions are independent of the probe potential under the conditions considered and need to be found only once for a given probe geometry and given parameters of the undisturbed plasma. Furthermore, the first equation in (2), equations (26) and (30) and boundary conditions (13) and (14) do not involve potential. In other words, the problem for the distribution of the charged-particle density, ion flux and electron temperature is decoupled from the problem for potential and may be solved independently, after which the potential may be found.
After the above-described problems have been solved, one will know parameters A, B, and T es and will be able to calculate the ion branch of the probe characteristic by means of the formula 
where j w is the density of electric current from the probe into the plasma. Since parameters A, B, D as and T es are independent of the probe potential, this formula is similar in structure to equation (1) . The following expressions for the density of ion saturation current and for the floating potential result from equation (31):
The above-described approach has an obvious limitation: if the curl of the right-hand side of (28), governing the potential, is non-zero than this equation has no solution. An apparent reason is a breakdown of the above-used assumption that the current density in the near-probe region is of the same order as that at the probe surface. Leaving this problem beyond the scope of the present work, we restrict ourselves to indicating some important examples in which the curl of the right-hand side of (28) is zero and this difficulty does not arise: the case when a variation of the electron temperature in the near-probe region is small, which will be considered in the next section; the (one-dimensional) case of a spherical probe in a quiescent plasma; and the case of a probe mounted on a wall of a cylindrical tube containing a plasma, which is also one-dimensional and will be considered in section 6.
One could try to weaken the second condition in (24) by means of estimating the term in j on the right-hand side of (8) as not relative to a term of the same equation, but rather relative to the leading terms of the equations that appear after (8) has been substituted into the first equation in (2) and into (10). However, K 2 is usually larger than K 1 or equals it, therefore the second condition in (24) is not as restrictive as it appears.
Special case when the electron temperature in the near-probe region is constant
As was noted above, formula (31) is similar in structure to (1) . There is, however, an essential difference: the exponential in (31) involves the electron temperature at the edge of the nearwall layer while the exponential in (1) involves the electron temperature in the undisturbed plasma. A question arises as to whether conditions exist under which a variation of the electron temperature in the near-probe region is small and these two temperatures are close.
If all the terms of (30) except the last term on the lefthand side are small and may be omitted, this equation with the boundary condition (14) has a trivial solution, T e = constant. Thus, the above question amounts to identifying conditions under which the convective effects, the energy exchange in elastic collisions with heavy particles, and the change of electron energy due to inelastic and radiative processes are much smaller than electron thermal conduction.
The first and second terms on the left-hand side of (30), describing the convective effects, are of the order of P e/K 1 relative to the last term, describing thermal conduction. Using (12) , one finds that the ratio of the first term on the right-hand side, accounting for the energy exchange in elastic collisions with heavy particles, to the thermal-conduction term is of the order of (R/λ u ) 2 , where λ u is the length of relaxation of the electron energy in elastic collisions with heavy particles and is defined as
Here and below λ αβ = 1/n (0) βQ
is a characteristic mean free path of a particle of species α in the gas of species β and λ eh represents a characteristic mean free path of electrons in the gas of heavy particles.
The 
where κ h is the thermal conductivity of heavy particles. Again, this is an estimate from above.
Assume that the rate of change of the electron energy due to inelastic and radiative processes is of the same order of magnitude as losses for ionization, wE ion (here E ion is the energy of ionization). Employing the first equation in (2), one can show that the ratio of the above rate to the thermalconduction term is of the order of 
One arrives at conditions 
If, in addition to inequalities (24), conditions (36) are satisfied, the electron temperature in the near-probe region is to a first approximation constant, T e = T e∞ , and formula (31) becomes identical in structure with (1) .
Note that the Boltzmann distribution applies in this case in the whole region of a collision-dominated quasineutral plasma: setting T e = T e∞ in (28) and integrating, one obtains n e = n e∞ exp eφ kT e∞ (37) where n e∞ is the charge particle density in the undisturbed plasma. 
It is interesting to note that while the ion current term in this formula is of a diffusional nature, the electron current is described by the same formula as in the theory of Langmuir probes in collision-free plasmas [4] .
Range of the applicability of the theory
In order to identify typical high-pressure plasma conditions under which the approach just developed is justified, we consider an example of an atmospheric-pressure argon plasma. Assume that the characteristic dimension of the probe, R, is 1 mm and that the plasma far away from the probe is in thermal and ionization equilibrium at the temperature T h = T e = T ∞ . Consider, first, the conditions of the validity of the general treatment of section 2. Namely, one should identify the range of parameters in which the mean free path for collisions between ions and neutral particles and the Debye length in the bulk of the near-probe perturbation region are much smaller than , the concept of electron temperature is meaningful (i.e. the core of the electron distribution function is close to the Maxwellian function), the fraction of multiply charged ions is small, and the sublayer at the 'bottom' of the near-wall layer where the electron density deviates from the Boltzmann distribution is much smaller than the electron mean free path.
Graphs of the mean free path for collisions between ions and neutral particles,λ ia , of the ionization length d, of the Debye length h, of the length of the maxwellization of electrons, λ m , of the ratioν ee /ν ea of average frequencies of interelectronic collisions and of collisions of electrons with neutral particles, of the ratio n ++ /n + of the densities of doubly and singly charged ions, estimated for the conditions in the undisturbed plasma as functions of T ∞ are shown in figure 1 . The mean free path for collisions between ions and neutral particles is defined by means of the formulã λ ia = 1/n hQ ( 
1,1)(0) ia
. (For a low degree of ionizationλ ia coincides with the conventional mean free path of ions in the gas of atoms, λ ia , while for a plasma close to full ionizatioñ λ ia represents the mean free path of atoms in the ion gas.) The ionization length is defined as in [11] ; its values for lower T ∞ can be found in figure 2. The length of maxwellization is defined in appendix C.
Characteristic values of the coefficient of ambipolar diffusion were estimated as in [11] and are shown in figure 2. Using these values and assuming that v ∞ does not exceed by order of magnitude 10 2 m s −1 , one can see that the Péclet number is of the order of 10 2 or smaller. It follows that R/ √ P e is of the order of 10 −4 m or higher. One can see that the first above-mentioned condition, λ ia , h , is satisfied. Ratioν ee /ν ea exceeds approximately 10 −2 in the whole temperature range considered.
The energy exchange between an electron and a heavy particle under the considered conditions is governed by elastic collisions and is characterized by the factor 2m e /m i , which is below 10 −4 . Therefore, the energy exchange in interelectronic collisions substantially exceeds the energy exchange in collisions of electrons with heavy particles. In the case of a quiescent or slowly moving plasma, O(v ∞ ) 1 m s −1 , the inequality λ m holds in the whole temperature range considered. In the case of a fast moving plasma, O(v ∞ ) = 10 2 m s −1 , the inequality λ m holds in the temperature range T ∞ 7.5 kK and is violated at lower temperatures. One can conclude that the condition of the core of the electron Figure 1 . For an equilibrium atmospheric-pressure argon plasma of temperature T ∞ against various parameters:λ ia denotes the mean free path for collisions between ions and neutral particles; d denotes the ionization length; h denotes the Debye length; λ m denotes the length of maxwellization of electrons;ν ee /ν ea denotes the ratio of average frequencies of interelectronic collisions and of collisions of electrons with neutral particles and n ++ /n + denotes the ratio of the densities of doubly and singly charged ions. distribution function being close to the Maxwellian function is satisfied in the whole temperature range considered in the case of a quiescent or slowly moving plasma and is violated for T ∞ 7.5 kK in the case of a fast-moving plasma.
One can see that the fraction of the doubly charged ions is small in the temperature range considered (does not exceed about 1%).
The scale of thickness of the sublayer at the 'bottom' of the near-wall layer in which the electron density deviates from the Boltzmann distribution is given by (57) of appendix D. (Here U is the voltage drop in the space-charge sheath.) In order to obtain a reasonable estimate of the quantity eU/kT (0) e , one can set U equal to the floating potential, determined by the second formula in (32). It follows that this quantity is of the logarithmic order and the second factors in both expressions in (57) are not very different from unity. Therefore, these factors will be omitted from the following estimates.
In figure 3 , the scale of thickness of the sublayer is shown as a function of T ∞ . For the case of a collision-dominated ion layer, it is shown separately for = R and for = d. For the collisionless case, is defined as the smallest of the two lengths R and d. Also shown are the characteristic mean free paths for electrons and ions in the gas of atoms. One can see that at high temperatures the scale in question is much smaller than λ ea regardless of whether the ion layer is collision dominated or collision free. At low temperatures, λ ia is much smaller than the considered scale. It follows from appendix D that the latter is much smaller than the thickness of the ion layer. Hence, the ion layer at low temperatures is collision dominated and one should check the inequality λ ea (h 2 ) 1/3 or, which is the same, the inequality
Since the Péclet number is of the order of 10 2 or smaller, the factor P e −1/6 in the second term in square brackets on the right-hand side of inequality (39) is of the order unity and this term is of the same order as the last term. It follows from figure 3 that this inequality holds in the whole temperature range considered except at T ∞ close to 5 kK. Thus, the condition of the sublayer at the bottom of the near-wall layer in which the electron density deviates from the Boltzmann distribution being much smaller than the electron-atom mean free path is satisfied except at T ∞ close to 5 kK. One should also check this condition for the local mean free path for collisions of electrons with ions. This path is shown in figure 3 , the superscript s indicating that it was estimated in terms of the ion density characteristic for the ion layer (rather than for the conditions in the undisturbed plasma, which is how all the other estimates have been made) with the use of the first expression in (56) in which the last factor was omitted. One can see that this mean free path is much larger than the thickness of the sublayer in the whole range of T ∞ considered.
One can conclude that the treatment of section 2 applies for T ∞ 5 kK in the case of a quiescent or slowly moving plasma and for T ∞ 7.5 kK in the case of a fast-moving plasma.
Consider, now, the validity of the assumptions made in section 3. Graphs of the quantities K 1 and K 2 estimated for the conditions in the undisturbed plasma as functions of T ∞ are shown in figure 4 . One can see that K 2 K 1 1. Hence, the first and second inequalities in (24) are equivalent to the system of the two conditions
The length scale K 1 d is shown in figure 4 . One can see that the first condition (40) is satisfied. Since √ P e O(10), the second condition is also satisfied.
The left-hand side of the third inequality in (24) exceeds 10 3 under the conditions considered. The term on the righthand side equals the largest of the quantities R/d, √ P e or 1. Using values of d shown in figure 2 , one can conclude that this term is of the order of 10 or smaller. Hence, the third inequality in (24) is also satisfied.
One can conclude that the assumptions made in section 3 are not restrictive and the approach developed in section 3 is applicable in all the cases in which the general treatment of section 2 applies.
Consider now relationships (36), established in section 4 as conditions of uniformity of the electron temperature in the near-probe region. The length of relaxation of electron energy in elastic collisions with heavy particles is shown in figure 2 . One can see that λ u substantially exceeds 1 mm if T ∞ is below approximately 7.5 kK. Note that the treatment of section 2 is applicable in this temperature range provided that the plasma is quiescent or slowly moving. The ratio κ h /κ e may be estimated by means of the data from [16] : it is much smaller than unity if T ∞ exceeds approximately 13 kK. Taking the values of K 1 from figure 4 and taking into account the fact that the degree of ionization in the latter temperature range is about 25% or more, one can check that the inequality
is satisfied for a quiescent or slowly moving plasma. For a fast-moving plasma, this inequality does not hold. One can conclude that the first condition in (36) is satisfied in the case of a quiescent or slowly moving plasma, except the temperature range 7.5 kK T ∞ 13 kK.
The ratio E ion /kT
is below approximately 35 in the temperature range 5 kK T ∞ 7.5 kK and below 13 in the range T ∞ 13 kK. Taking values of K 1 from figure 4, one can check that the second condition of (36) holds.
One can conclude that a range of conditions exists in which the electron temperature is constant in the near-probe region and formula (1) is justified: this happens in the case of a quiescent or slowly moving plasma except the temperature range 7.5 kK T ∞ 13 kK.
Ion saturation current to, and floating potential of, a flush-mounted probe in a wall-stabilized arc discharge
The theory developed in section 3 allows one to calculate ion saturation current to, and floating potential of, a probe in a wide range of plasma parameters. As an example, we apply this theory to a flush-mounted wall probe in a cylindrical tube confining an arc discharge. (Such a model is of interest, in particular, in connection with the measurements of nearcathode and near-anode voltage drops in arc discharges described in [17, 18] .)
The near-probe region in the situation considered is represented by the whole cross section of the tube. Assume that convective effects are negligible and that conditions of applicability of the theory developed in section 3 are satisfied. The probe, when maintained under a potential about or below the floating potential, does not perturb distributions of the charged-particle density, electron and heavy-particle temperatures, and the potential outside a narrow near-wall layer. Hence, these distributions are functions of one spatial variable r which is the distance from the centre of the tube. The first equation in (2), equations (26) and (30), supplemented with the equation for the heavyparticle temperature, have been solved numerically in order to find these distributions. The numerical model employed is described in [19] .
Substituting the solution obtained into the first equation in (32), one can find the ion saturation current. In order to find the floating potential, B must be determined. The procedure is as follows. Neglecting thermal diffusion, one can write (28) in the form
We formally add to and subtract from the right-hand side the quantity T es /(R − r) (here R is the radius of the tube) and integrate over r from 0 to r
While deriving this equation φ(0) = 0 was set. Expanding the right-hand side in the vicinity of the point r = R (it should be emphasized that there is no singularity at this point in the integrand) and comparing the result with expansion (18), one finds
(43) Graphs of the ion saturation current and of the floating potential as functions of the discharge current for an atmospheric-pressure argon plasma, a tube radius of 4 mm, and a wall temperature of 800 K are shown in figure 5 . Also shown are the thickness of the ion layer (which coincides, to a first approximation, with the thickness of the space-charge sheath on the whole), evaluated by means of the first formula in (53), and the scale of the thickness of the sublayer in which the electron density deviates from the Boltzmann distribution, y d = kT (0) e /eE w , where E w was evaluated by means of the second formula in (53). (It was assumed U = −φ f in (53); note that the local mean free path λ ia evaluated at the wall is about 0.1 µm and is much smaller than y D , which justifies the use of (53).) The local mean free path λ ea at the wall is about 5 µm. Although it is smaller than the thickness of the sheath on the whole, it is still much larger than y d , so the respective condition of the applicability of the theory is satisfied.
In [5] , probe experiments are described performed in an atmospheric-pressure argon arc with currents in the range of 100-200 A. Unfortunately, a quantitative comparison with the present theoretical data is hindered by the brevity of presentation in [5] ; however, it is of interest to note that a typical experimental ion saturation current density (estimated with the use of figure 4 of [5] ) is of the order of 10 mA mm −2 , which is the same as the order of the value of |j * i | at I = 100 A shown in figure 5.
Concluding remarks
Perturbations created by an electrostatic probe in a highpressure plasma are of two kinds: those created by the mere presence of the probe as a solid body and those created by the current drawn by the probe. In this work it is shown that over a wide range of parameters of a high-pressure plasma the electric current drawn by a negative probe does not perturb the distribution of the charged-particle density, electron temperature, and the potential beyond a thin nearwall layer, and the probe characteristic is described by (31). The latter is similar in structure to the 'standard' relationship (1); however, it involves the electron temperature at the edge of the near-wall layer rather than in the undisturbed plasma. While the first term on the right-hand side of (31) represents the density of the ion saturation current, similarly to the first term on the right-hand side of (1), the factor in front of the exponential in the second term on the right-hand side of (31) cannot be interpreted as a density of electron saturation current. A reason is that the developed theory, including (31), applies to the ion branch of the probe characteristic but not to the electron branch. In addition to the ion saturation current, equation (31) also allows one to calculate the floating potential of the probe, which can be used in order to determine the local plasma potential.
As an example, the theory is used for the calculation of the ion saturation current to, and floating potential of, a flush-mounted wall probe in a cylindrical tube confining an arc discharge. It is shown that for a certain range of parameters the variation of the electron temperature in the near-probe region is small and (31) assumes the simple form (38), which is identical in structure with (1) . (Again, the factor en e∞Ce /4 cannot be interpreted as the density of the electron saturation current.) The classical technique for the determination of the electron temperature in the unperturbed plasma that is based on measuring the slope of the probe characteristic plotted on a semi-logarithmic scale is applicable in this range.
The latter range is narrower than the range in which an electric current, drawn by a negative probe, does not create perturbations beyond the near-wall layer. It follows that the mere fact of the graph of ln(I − I * ) against φ w being close to a straight line in a certain current range does not guarantee the applicability of the 'standard' relationship (1): in many cases the electron temperature defined in such a way differs from the value in the unperturbed plasma.
The general theory formulated in section 2 also allows considerable simplifications in some other special cases, in addition to those treated in sections 3 and 4. In particular, the theory may be simplified if λ u . (For a quiescent atmospheric-pressure argon plasma, it follows from figure 2 that this is the case if the temperature of the undisturbed plasma exceeds approximately 17.5 kK.) In such a case, the electron temperature in the layer of thickness in which diffusion is essential is constant. Since K 1 and K 2 are much larger than unity, the Boltzmann distribution holds in this layer. There is no necessity, in such a case, to find the second term of the asymptotic expansion near the edge of the nearwall layer of the potential determined by the quasineutral collision-dominated solution, since the constant factor in the Boltzmann distribution in this case may be expressed in terms of parameters at the edge of the layer of thickness in which diffusion is essential. In other words, the probe characteristic is described in such a case by an equation similar to (38) with n e∞ , φ w , and T e∞ being replaced, respectively, by the charged-particle density at the edge of the layer, by the difference between φ w and the potential at the edge, and by the electron temperature in the layer. Such a simplification was exploited in [7] .
Appendix A. Discussion of transport equations
The transport equation for ions, equation (3), involves two terms lacking in the transport equation for electrons, equation (4) , namely the second term and the term in ∇T h . A reason why a term similar to the second term of (3) is neglected in (4) is that it is of the order of m e /m a relative to the first and second terms. A reason why the transport equation for ions, equation (3), involves thermal-diffusion terms proportional to both ∇T h and ∇T e (and, accordingly, two thermal diffusion factors ζ i and ξ i ), while transport equation for electrons, equation (4), involves only a term in ∇T e and, accordingly, one thermal diffusion factor ξ e may be understood as follows: the transport equation for ions involves ion-atom and ion-electron friction forces, the former involving a term in ∇T h and the latter involving a term in ∇T e , while the transport equation for electrons involves electron-atom and electron-ion friction forces, both forces involving terms in ∇T e (e.g. [20] ).
The thermal diffusion factors satisfy the identities
Note that thermal diffusion is neglected in nearly all the studies on the theory of electrostatic probes in highpressure plasmas. However, it is not quite clear whether this is justified, since thermal diffusion factors are not necessarily small in situations of practical interest. The latter is illustrated by figure 6 , in which the electron thermal diffusion factor ξ e is shown calculated for an argon plasma. (The calculation was performed with the use of the mixture rules of Frost, Kruger, Mitchner and Daybelge, as described in [4] , the plasma is assumed to be quasineutral and ω = n e /(n i + n a ).) Leaving the question of the importance of the thermal diffusion in the theory of electrostatic probes in high-pressure plasmas beyond the scope of this work, we retain thermal diffusion terms in the general treatment.
The transport equations, equations (3) and (4), do not contain viscous stress terms, which is a general property of transport equations for species derived in the framework of the conventional kinetic theory of gases [9, 21] . However, a frequently asked question is: whether such an approximation is justified, especially under conditions when viscous stress plays a role in momentum equations for a mixture on the whole (Navier-Stokes equations). Since (2)- (5) are, in a general case, coupled to, and must be solved jointly with, the Navier-Stokes equations (and the energy equation for heavy particles), it is appropriate to briefly address this question.
Consider, as an example, a flow of a binary mixture of gases with a small Knudsen number Kn and a moderate Mach number M, Kn 1 and M O(1). Designate by n 1 the density of a species which is not dominating (i.e. we assume that n 1 O(n 2 ) ). An elementary estimate shows that viscous stress terms of a transport equation for this species are of the order of KnM relative to the pressure gradient term (which is one of leading terms of the equation).
It is well known that the importance of the viscous stress terms in the Navier-Stokes equations for the mixture is governed by the factor 1/Re = Kn/M, where Re is the Reynolds number. A difference between this estimate and the preceding one is a consequence of different orders of the pressure gradient term in the transport equation and in the Navier-Stokes equations: it is of the order of n 1 kT /L in the transport equation, where L is a characteristic length scale, and it is of the order of ρv 2 /L (the same order as the convective term) in the Navier-Stokes equations.
Viscous stress plays a role in the Navier-Stokes equations in the case of creeping flows, when Re O(1) (i.e. M O(Kn)). However, viscous stress terms of the transport equation are in such a case of the order of Kn 2 or smaller, i.e. inessential.
Another situation in which viscous stress plays a role in the Navier-Stokes equations is the case of viscous boundary layer-type flows, in which velocity changes in one direction (y) are much faster than in the others (x, z). In such a situation, viscous stress terms are essential in the x-and z-projections of the transport equation (if M = O(1)), as they are in the x-and z-projections of the Navier-Stokes equations. However, diffusion occurs in such a situation primarily in the y-direction, and since the viscous stress terms in the y-projection of the transport equation are of the order of KnM, the overall effect of viscous terms on the transport equation again is negligible.
Appendix B. Boundary condition for the electron temperature at the edge of the near-wall layer
Since fluxes of the charged particles in the quasineutral collision-dominated region near the edge of the near-wall layer are of the same order of magnitude as the fluxes to the probe surface, the density of the electron flux near the edge is of the same order of magnitude or smaller than the density of the ion flux, D (0) ia n (0) e / (here the superscript 0 indicates a characteristic value of the respective quantity and is a length scale of variation of the parameters in the quasineutral collision-dominated plasma near the edge of the near-wall layer; a more detailed discussion of the scale of is given in section 3). Taking into account the fact that the thermal conductivity of electrons is of the order of kn (0) e D (0) e , one finds that the last two terms on the left-hand side of equation (5) are of the order of magnitude of 1/K 1 with respect to the third term, where K 1 is defined by (22) . Since K 1 substantially exceeds unity (see section 5), the last two terms on the lefthand side of (5) are in the vicinity of the edge of the nearwall layer much smaller than the third term and to a first approximation may be dropped.
Since the rate at which energy is added to the electron fluid as a result of collisions and radiative processes is proportional to n e , the terms on the right-hand side of (5) are of the order of O(y) (here the y-axis is directed from the edge into the plasma) and may also be dropped. The second term on the left-hand side may be dropped for the same reason. Since the mean mass velocity vanishes at the wall, the first term on the left-hand side may also be dropped.
Since κ e = O(y) in the vicinity of the edge, one gets in a first approximation the equation
Integrating this equation, one obtains
where C 1 and C 2 are constants of integration. Thus, the electron energy equation has a solution with a logarithmic singularity and a finite solution. Removing the former, one arrives at boundary condition (14) .
Note that this boundary condition was previously postulated in [22] .
Other hydrodynamics boundary conditions for the electron temperature were considered in [1, 2] . However, the relationships in [1, 2] represent boundary conditions at the probe surface for equations describing a collision-dominated space-charge sheath and need not conform to (14) , which is a boundary condition for equations describing a quasineutral collision-dominated plasma and applies at the edge of the near-wall layer.
Appendix C. The maxwellization length
Designate by L a local macroscopic length scale and by δ the parameter characterizing the energy exchange between an electron and a heavy particle (for elastic collisions it is equal to twice the ratio of the mass of the electron to the mass of the heavy particle; for inelastic collisions of electron-molecule with excitation of rotational and/or vibrational modes it is equal to twice the same ratio times the non-elastic energy loss factor). For a moderately to strongly ionized plasma in which ν ee /ν ea 1, a condition under which a core of the electron distribution function is close to the Maxwellian function is discussed, for example, in [4] and readsν ee 
Inequality (47) represents a condition for the core of the electron distribution function being close to Maxwellian, which is uniformly valid for a partially to strongly ionized plasma. Equation (48) may be considered as a uniformly valid definition of a length of maxwellization of electrons. Note that, as it is well known, in a weakly ionized plasma in whichν ee /ν ea δ, the energy exchange in interelectronic collisions does not substantially exceed the energy exchange in collisions of electrons with heavy particles, and the electron distribution is in a general case non-Maxwellian even in a spatially uniform plasma.
Appendix D. An elementary theory of the near-wall space-charge sheath
A simple estimate of the length scale on which the space charge comes into play may be obtained by evaluating terms of the Poisson equation by means of expansions (15) and (18): one finds that the net space charge becomes comparable to the ion or electron charge when y decreases to the order of magnitude of (ε 0 kT ( The above estimate applies in the case when the space charge comes into play before the ion inertia, i.e. when the length scale derived above is much larger than a characteristic ion mean free path λ ia . This is the case of a collisiondominated sheath. If (h 2 )
1/3 λ ia , the ion inertia comes into play before the space charge. As was mentioned in section 2.3, the near-wall layer in this case comprises the Knudsen layer (in which the ion inertia is essential; however, the plasma is still quasineutral) and adjacent to the wall collisionless space-charge sheath. The charged-particle density in the Knudsen layer and in the sheath is of the order of Aλ ia . The thickness of the sheath is of the order of the local Debye length (ε 0 kT (0) e /Aλ ia e 2 ) 1/2 or, which is the same, of the order of (h 2 /λ ia ) 1/2 . The above considerations apply if the voltage drop U in the sheath is of the order of kT (0) e /e and the ion and electron densities in the sheath are comparable. If U kT (0) e /e, the thickness of the space-charge sheath becomes affected by the value of U . The sheath in this case may be divided into the transition layer, in which the ion and electron densities are comparable, and the ion layer, in which the ion density substantially exceed the electron density. The thickness of the transition layer is determined by the above estimates. The thickness of the ion layer may be evaluated by means of a simple model, which includes the Poisson equation written under the assumption of a negligible electron density:
the ion continuity equation:
where v i is the local ion velocity in the direction towards the surface, and the equation relating v i to φ which reads
in the case of a collision-dominated ion layer (µ i denotes here the ion mobility, which will be assumed to be constant across the layer for simplicity) and
in the case of a collision-free ion layer. Here the y-axis is directed from the probe surface into the sheath, the zero of the potential in (52) is chosen at the edge of the ion layer.
Solving the above equations with the boundary condition of zero field at the edge of the ion layer, one finds the following expressions for the thickness of the layer and for the electric field at the surface: 
for the cases of collision-dominated and collisionless ion layers, respectively. Since the second factors in square brackets on the right-hand sides of each of these formulae are much larger than unity, the thickness of the ion layers in both cases substantially exceeds the scale of the thickness of the respective transition layers. In other words, the ion layer has a well defined edge in both cases.
The density of ions in the ion layers in the cases of collision-dominated and collisionless layers are of the order of, respectively 
Using (53) and (54), one finds that the scale of thickness of the sublayer in which the electron density deviates from the Boltzmann distribution, kT (0) e /eE w , is of the order of (57) for the cases of collision-dominated and collisionless ion layers, respectively. Note that the considered sublayer is much thinner than the ion layer and may be said to be positioned at the 'bottom' of the ion layer.
Note that the considerations given above for the case of a collision-dominated sheath conform to the analysis of [2] .
